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a b s t r a c t

This work focuses on the simultaneous analysis of �-blockers with multiple stereogenic centers using
capillary electrochromatography–mass spectrometry (CEC–MS) with a vancomycin stationary phase. The
critical mobile phase variables (composition of organic solvents, acid/base ratios) as well as column tem-
perature and electric field strength, effecting enantioresolution and analysis time were first optimized
sequentially. Next, to achieve global optimum a multivariate D-optimal design was used. Although multi-
variate approach did not improve enantioresolution any further, analysis time was significantly reduced.
Vancomycin stationary phase
Simultaneous enantioseparations
M
M

Under optimum CEC–MS conditions, all stereoisomers were resolved with resolution in the range 1.0–3.1 in
less than 60 min with an average signal-to-noise (S/N) greater than 1000. The developed CEC–MS method
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. Introduction

The simultaneous separation of multiple enantiomers in a sin-
le chromatographic run is a very useful approach, especially for
harmaceutical companies and clinical laboratories. Some of the
dvantages include: (1) the development of a single protocol for
he chiral assay of structurally similar drugs using the same col-
mn and mobile phase conditions, which allows for the reduction
f operation cost and time of analysis and (2) all structurally similar
rugs and their chiral/achiral metabolites or intermediates can be
imultaneously resolved [1].

Previous simultaneous enantioseparations have been carried
ut using immobilized or mobilized chiral selectors in high per-
ormance liquid chromatography (HPLC) [2–5], and capillary zone
lectrophoresis (CZE), respectively [4,6–13]. However, both of these
ethods exhibit some problems. In HPLC, there is reduced peak

apacity due to poor separation efficiency. On the other hand, CZE
acks a true stationary phase, which in turn can provide lower achi-

al selectivity between structurally similar chiral analogs in certain
ases. Furthermore, the use of low molecular weight chiral selec-
ors often lead to source contamination when added to the mobile
hase in CZE coupled to mass spectrometry (MS). The by-product

� This paper is part of the Special Issue ‘Enantioseparations’, dedicated to W.
indner, edited by B. Chankvetadze and E. Francotte.
∗ Corresponding author. Tel.: +1 404 413 5513; fax: +1 404 413 5551.

E-mail address: chesas@langate.gsu.edu (S.A. Shamsi).
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screening method for analysis of multiple chiral compounds using a single
and mobile phase conditions, thus reducing the operation time and cost.

© 2008 Elsevier B.V. All rights reserved.

f combining HPLC and CZE techniques is capillary electrochro-
atography (CEC) [1]. The technique of CEC when coupled to MS

vercome the problems of HPLC and CZE by providing high effi-
iency with high selectivity [14–18], while the MS detection can
rovide very high sensitivity and structural information [18–20].

The CEC system can be conveniently coupled to the MS detector
sing an electrospray ionization (ESI) source. Therefore, to couple
he CEC and MS systems a capillary with a tapered outlet side is

ost commonly used [21]. This taper is not the traditional, exter-
ally tapered capillary as reported by Lord et al. [22], but one that
ad an internal taper. The internal taper was fabricated using a
ethod developed previously in our laboratory [23]. The internal

aper has the advantages of ruggedness, improved electrospray sta-
ility with lower short-term noise. In addition, it allows for the
se of much harsher mobile phases that were not usable with the
xternally tapered columns because of higher operating current
nd electrospray arcing [1,23].

Recently, there has been a trend to move away from separa-
ion strategies using sequential or univariate optimization. This
s because many of the sequential optimization methods do not
ully test the interactions between various experimental parame-
ers. In addition, there is no guarantee of achieving a local optimum.
or the optimization of CEC–MS conditions, the possibility that

any parameters affect the separation and detection process ren-

ers an important complexity to the approach. To improve on this
pproach, many laboratories have adopted the use of a multivariate
ptimization strategy to explore all combinations of experimental
ariables in a reasonable amount of time with improved statistical

http://www.sciencedirect.com/science/journal/15700232
mailto:chesas@langate.gsu.edu
dx.doi.org/10.1016/j.jchromb.2008.06.028
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ig. 1. Molecular structures of nadolol (A) and labetalol (B) and vancomycin (C) as s
abetalol are denoted with an *. The log P and pKa values were obtained from SciFin

ccuracy [24–27]. For example, the tendency in recent years has
een to perform sequential experiments to determine which fac-
ors are critical to the separation and analysis and over what range
he factors should used to further fine-tune and explore multivari-
te optimization. Then, using these ranges a multivariate design
f experiment (DOE) is set up to statistically explore all of the
arious interactions between these significant factors either fully
r as a partial subset. Thus, DOE ascertains what the local opti-
um condition was within the ranges explored for the critical

actors.
In this work, the simultaneous separation of two �-blockers

nadolol and labetalol, Fig. 1A and B) with multiple stereogenic cen-
ers was studied using a CEC–MS system. Both of these �-blockers
re used to treat high blood pressure and heart disease by inhibit-
ng the interactions of adrenaline with �-receptors in the heart. In
ddition, nadolol has uses in the treatment of angina, migraines,
nd anxiety [28], while the controlled lowering of blood pressure
uring anesthesia, is one of the other uses of labetalol [29]. Labetalol
as two chiral centers giving four possible stereoisomers (R,R), (R,S),
S,S) and (S,R). Nadolol with three stereogenic centers would be
xpected to have eight stereoisomers. This is not the case because
he two hydroxyl groups on the cyclohexane ring are conforma-
ionally locked in the cis-form by the bonding of the cyclohexane
ing to the benzene [30]. This causes only four stereoisomers to be
ormed (RSR, SRS, RRS, and SSR).

Previous work with HPLC coupled to MS and UV has had only
artial success in the separation of the stereoisomers of nadolol
nd labetalol. In all cases of HPLC, the nadolol and labetalol are
eparated individually using different mobile phase conditions.
esai et. al was able to resolve all four stereoisomers of labetalol

mploying HPLC-UV in less than 30 min, but the researchers had
o derivatize the enantiomers to achieve this [31]. In the case of
adolol, only partial resolution of three of the four isomers has
een resolved by HPLC-MS in less than 25 min. by Sudhir and Wong
32].

2

r
T

ary phase (ChemFinder, CambridgeSoft Corp ©2004). Chiral centers of nadolol and
holar Version: 2006 (© 2005 American Chemical Society).

There has been better success with employing CE-UV separa-
ions using �-cyclodextrin (�-CD) as chiral selector for both nadolol
nd labetalol. Bommart’s lab was able to resolve all stereoisomers
f both nadolol and labetalol within 30 min, but again they had to
e done individually as the optimum separation conditions were
ifferent for each analyte [33]. Goel et al. [34] had much quicker
eparations of labetalol (less than 15 min) than Bommart’s group,
ut they did not analyze nadolol. Our group has also used a com-
ination of �-CD and polymeric surfactants as chiral selectors in
rder to simultaneously separate nadolol and labetalol stereoiso-
ers in MEKC-UV [30]. In our case, we were able to separate almost

ll stereoisomers within 30 min.
Using these two �-blockers the CEC–MS system was first

equentially optimized with regards to the important parame-
ers of mobile phase composition (including organic modifier and
cid/base ratios) as well as column temperature and electric field
trength. The type of sheath liquid additive was also explored. Next,
sing a multivariate approach, the most important mobile phase
arameters (organic modifier and acid/base ratios), sheath liquid
arameters (ratio of methanol-water, and percent acetic acid), and
pray chamber parameters (drying gas temperature, drying gas
ow rate and nebulizer pressure) were studied to maximize res-
lution and signal-to-noise (S/N) while minimizing run time of the
adolol and labetalol enantiomers. To the best of our knowledge,
e demonstrate here for the first time the use of packed column
EC–MS for the simultaneous separation of all stereoisomers of
adolol and labetalol.

. Materials and methods
.1. Chemicals and samples

The 3 �m vancomycin, an 18 chiral center glycopeptide [35], chi-
al stationary phase (CSP) was donated by Advanced Separation
echnologies, Inc. (Whippany, NJ). The racemic mixtures of nadolol
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nd labetalol hydrochloride were purchased from Sigma–Aldrich
Milwaukee, WI). The structures nadolol, labetalol, and vancomycin
tationary phase are shown in Fig. 1A–C, respectively. The HPLC
rade organic solvents [acetonitrile (ACN) and methanol (MeOH)],
s well as the acetic acid (HOAc), were all purchased from Fischer
cientific (Fair Lawn, NJ). Triethylamine (TEA) was purchased from
ldrich (99.5% Milwaukee, WI). The ammonium acetate (NH4OAc)
as obtained from Sigma (St. Louis, MO) as a 7.5 M solution. All
ater used in the project was purified using a Barnstead Nanopure

I Water System (Barnstead International, Dubuque, IA).

.2. CEC–MS column fabrication

Fused silica capillaries (O.D. 363 �m × I.D. 75 �m) obtained from
olymicro Technologies, Inc. (Phoenix, AZ) were used to pack the
ancomycin CSP. The first step involved the formation of an inter-
al taper at the outlet end of the capillary that is 12 �m wide at

ts narrowest, which has been described elsewhere [23]. The inter-
al taper column was slurry packed with vancomycin CSP [36,37]
sing a Knauer pneumatic pump (Wissenschaftliche Gerätebau, Dr.

ng. Herbert Knauer GmbH, Berlin, Germany). After the column was
acked, an inlet frit was burned using a home-made frit burner.

.3. CEC–ESI-MS instrumentation

The experiments were carried out using an Agilent capillary
lectrophoresis (Agilent Technologies, Palo Alto, CA) instrument
yphenated to an Agilent 1100 series single quadrupole MS. The

nterface of the CE to MS was made possible by a G1603A CE–MS
dapter kit and a G1607 CE–ESI-MS sprayer kit also provided by
gilent Technologies. The sheath liquid was delivered to the ESI by
n Agilent 1100 series HPLC pump equipped with a 1:100 splitter.
ll instrument controls and data analysis, including resolution cal-
ulations, was carried out using Agilent Chemstation and CE–MS
dd-on software (version 10.02).

.4. Separation conditions

The capillary was first packed with the vancomycin stationary
hase, then placed back on the pneumatic pump, and precon-
itioned for at least 2 h with the desired mobile phase. After
re-conditioning, the CEC column was placed into the CE instru-
ent. Next, the outlet end of the capillary is inserted in the

ebulizer and further conditioning was carried out by applying
2 bar of pressure to the inlet end and slowly increasing the voltage
y 5 kV at 20 min intervals until reaching the maximum operat-
ng voltage of 25 kV (417 V/cm electric field strength) and a stable
aseline. All injections were made electrokinetically at 6 kV for 3 s.
uring the separation, a 12 bar external pressure was applied to

he inlet buffer vials in order to suppress bubble formation and
aintain a stable current.
Based on our previous work the following ESI-MS conditions

ere used as a starting point for optimization [1]. The sheath liquid
as MeOH/H2O (90:10, v/v) containing 50 mM NH4OAc delivered

t 5.0 �L/min. ESI-MS was conducted in the positive ion mode,
nd the capillary voltage was +3000 V, fragmentor voltage was set
t 80 V, drying gas flow rate was 5 L/min, drying gas temperature
as 130 ◦C, and the pressure of the nebulizing gas was set at 4 psi.
ecause the �-blockers exist as cations in both solution and gas
hases, positive [M + H]+ ions were monitored in the selective ion

onitoring (SIM) mode with m/z 310.0 for nadolol and m/z 329.0

or labetalol.
All mobile phases consisted of various volumetric ratios of

eOH, ACN, HOAc, and TEA and were prepared fresh daily. The
tock solutions of nadolol and labetalol analytes were prepared by

t
M
N
a
o

. B 875 (2008) 304–316

issolving in MeOH at a 1 mg/mL concentration. They were then
iluted with MeOH to a running concentration of 0.1 mg/mL for
ach of the analytes.

.5. Multivariate data analysis

All multivariate experimental design data analysis and calcula-
ions were carried out using Design Expert 7 software (Stat-Ease,
nc., Minneapolis, MN). This included generation of response sur-
ace models (RSM), analysis of regression coefficients at 95%
onfidence interval and prediction of optimum conditions of the
xperimental design based on the criteria of best resolution, mini-
um overall run time, and higher S/N.

. Results and discussion

.1. Sequential optimization

The stationary phase vancomycin is a glycopeptide antibiotic
ith 18 chiral centers and 3 shallow molecular cavities (Fig. 1C). The

ntermolecular interactions determining the chiral/achiral selec-
ivity of vancomycin CSP using polar organic mode include steric
nteractions, hydrogen bonding, dipole interaction, ion exchange,
nd �–� interactions [38]. The purpose of the sequential optimiza-
ion was to determine the best trade-off between resolution and
nalysis time.

.1.1. Effect of organic solvents
Sequential analysis began by first looking at variations in the

rganic modifier ratio of MeOH-to-ACN. In our previous work,
e have shown how the electroosmotic flow (EOF) increases

nly slightly with increasing ACN fraction due to higher dielec-
ric constant-to-viscosity ratio (εr/�) When ACN concentration was
ncreased in the present work the retention times of both nadolol
nd labetalol increased, which is consistent with our previous study
ith other �-blockers [1]. This increasing retention is most likely
ue to the fact that the MeOH and ACN are competing for hydrogen
onding sites on the vancomycin CSP with the analytes. Because
CN is worse as a hydrogen bond donor than the MeOH [39], the
ompetition with the analyte for the hydrogen bonding sites on the
SP is less at the lower amounts of MeOH. Thus, stereoisomers of
oth �-blockers are able to bond more strongly to the CSP by chang-

ng the MeOH/ACN from 70:30 to 30:70 while maintaining the
mounts of HOAc and TEA at 1.6% and 0.2%, respectively (Fig. 2A).
everal trends are noted for the enantiomeric and diastereomeric
esolution of nadolol and labetalol. Increasing the retention the chi-
al resolution of the first two nadolol enantiomers (N1 and N2)
ncreases from 0 to 0.9. On the other hand, the resolutions remain

ostly the same between the first enantiomer pair of labetalol
L1 and L2). The second enantiomeric pair of nadolol (N3 and N4)
s always baseline resolved over the range examined and resolu-
ion steadily increases as the amount of MeOH decreases and the
CN concentration increases. The opposite trend of decreasing res-
lution is observed for the second enantiomeric pair of labetalol
L3 and L4). However, the achiral resolution between the last elut-
ng nadolol peak and the first eluting labetalol peak (N4/L1) also
ecreased as the amount of MeOH decreased. Moreover, the resolu-
ion of the critical enantiomeric pair N1 and N2 remains essentially
here is an increase in overall runtime by 20 min. Because 40/60
eOH/ACN composition showed good resolution of peaks N1 and
2, and all other peaks are essentially baseline resolved with a rel-
tively short analysis time it was chosen to be used in the next step
f sequential optimization.



W. Bragg et al. / J. Chromatogr. B 875 (2008) 304–316 307

Fig. 2. Sequential optimization of mobile phase composition for the simultaneous enantioseparation of nadolol (N1, N2, N3, N4) and labetalol (L1, L2, L3, L4). Mobile phase
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olumn (i.d. 75 �m) packed with 60 cm of VCSP; CEC electric field strength and te
hamber: drying gas flow rate: 5 L/min, drying gas temperature: 130 ◦C, nebulizer p

.1.2. Effect of column temperature
Using the mobile phase composition of 40/60/1.6/0.2 MeOH/

CN/HOAc/TEA, the next step explored the column temperature
ffect on the simultaneous separation of the nadolol and labetalol
nantiomers. As seen in Fig. 3, the only real effects for retention
imes and resolutions were seen in the lower temperature range
f 15–40 ◦C. As the temperature of the column is increased fur-
her from 40 to 60 ◦C, no substantial reduction in run time or
mprovement in resolution is seen. The best compromise between
esolution and run time of nadolol and labetalol enantiomers was
ffered at 50 ◦C and this temperature was chosen as the optimized
emperature.

.1.3. Effect of electric field strength
With the conditions determined from the previous two opti-

izations, the applied electric field strength was next examined in
he range of 167–500 V/cm. Chromatograms in Fig. 4 show that the
esolution of the first two enantiomers of nadolol was not affected

ignificantly by the increase in electric field strength. On the other
and, the overall run time of the simultaneous enantioseparation of
adolol and labetalol was significantly decreased upon increasing
he field strength from 167 to 500 V/cm. This decreasing runtime
s expected because of the increase in electroosmotic mobility as

d
v
i
t
T

held constant at 1.6 and 0.2% (v/v), respectively. Experimental conditions: 70 cm
ture: 417 V/cm and 25 ◦C. Sheath liquid: 90/10 MeOH/ACN 50 mM NH4OAc; spray
e: 4 psi.

he electric field strength is increased. The inset Ohm’s law plot
f Fig. 4 shows a very good linear relationship between the field
trength and the current (R2 = 0.999), suggesting that there is no
oule heating effect. Because the enantiomeric resolution between
1 and N2 was decreased very slightly compared to the substantial
ecrease in analysis time, the electric field strength of 500 V/cm
as chosen as optimum.

.1.4. Effect of acid–base ratio
The acid–base ratio is also an important parameter in the sep-

ration of �-blockers using a vancomycin CSP [1]. Therefore, the
ext set of experiments tested the changes in the ratio of HOAc/TEA
hile holding the MeOH/ACN constant at 40/60 and the column

emperature and electric field strength set at 50 ◦C and 500 V/cm,
espectively. By varying the HOAc/TEA from 0.1/0.2 to 1.6/0.2, the
hromatograms of Fig. 5 were obtained. In our previous study we
aw that increasing the HOAc leads to a decrease in EOF due to
he increase in salt concentration (ionic strength), which causes a

ecrease in zeta potential as well as an increase in mobile phase
iscosity at higher salt concentration [1]. The overall trend seen
n the chromatograms is that as the amount of HOAc increases,
he overall run time and resolution of peaks N1 and N2 decreases.
his decrease in retention is most likely due to the HOAc and TEA
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ig. 3. Sequential optimization of CEC column temperature for the simultaneous en
onditions are the same as Fig. 2 except column temperature was increased from 15

orming triethylammonium ions, which are competing with the
nalytes for weak cation exchange sites at the carboxylate groups
n the vancomycin. As stated before, the increase in HOAc increases
he ionic strength and thus the amount of triethylammonium ions
resent. Thus, the retention time of the �-blockers with the ion-
xchange capability is decreased on the vancomycin CSP due to the
ncreasing competition between the analytes and the triethylam-

onium ions at the carboxylate groups of the stationary phase [40].
he HOAc/TEA ratio of 0.1/0.2 showed the greatest resolution of
he N1 and N2 enantiomeric pair but there was a significant loss in
he resolution of the last two enantiomers of labetalol (i.e. L3 and
4). The ratio of HOAc/TEA 1.6/0.2 had a shorter overall runtime
hen the ratio of 0.8/0.2 but the critical resolution between peaks
1 and N2 was decreased using the former ratio. The HOAc/TEA
t 0.8/0.2 was chosen as the optimum ratio because it has good
esolution for the critical nadolol enantiomers N1 and N2, while
ll other peaks were still baseline resolved with an acceptable run
ime. Finally, the optimized conditions using sequential optimiza-
ion were determined as follows: 40/60 MeOH/ACN containing 0.8%

◦
OAc and 0.2% TEA; column temperature of 50 C and applied
lectric field strength of +500 V/cm. With these operating con-
itions, simultaneous enantioseparation of nadolol and labetalol
nantiomers was achieved in ∼75 min (Fig. 5, third chromatogram
rom top).

c
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eparation of nadolol (N1, N2, N3, N4) and labetalol (L1, L2, L3, L4). All experimental
◦C with a mobile phase: 40/60/1.6/0.2 MeOH/ACN/HOAc/TEA % (v/v).

.2. Multivariate optimization of mobile phase parameters

Using the data from the sequential optimization, the ranges for
he mobile phase optimization were determined to further reduce
he analysis time. The multivariate optimization of the mobile
hase was divided into the three most important factors: ratio of
eOH/ACN, percent HOAc and percent TEA. In Table 1 the high

+1) and low (−1) values for the design space are shown. These
re the variable restraints between which all design points will be
enerated and evaluated. From these high and low values the com-
lete set of design points corresponding to different experiments
o be run are generated. Once these three parameters were input
nto the software, different types of experimental designs such as
entral composite, D-optimal and Box–Behnken were evaluated
or quality and number of runs to determine the best design for
he three important factors and ranges explored. This evaluation
s done before running the experiments in order to determine the
uality and adequacy of the possible designs. This quality determi-
ation was based on the models ability to detect effects, minimize

orrelation between factors, and adequately estimate coefficients
or the model. The D-optimal design was chosen since it pro-
ided the same quality as the other designs but with fewer runs.
he D-optimal design is one in which the design points are cho-
en by a D-optimality mathematical criteria which minimizes the
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ntegrated variation of the coefficients for the model, providing the
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o specific locations in the design space as they are with central
omposite design or Box–Behnken, the D-optimal design can some-

able 1
ost important D-optimal experimental design factors showing high and low value

estraints for the design space used for the optimization of mobile phase composi-
ion, sheath liquid composition, and spray chamber parameters

obile phase optimization Levels

esign factors +1 −1

1: methanol/acetonitrile (v/v) 40/60 30/70
2: acetic acid (%) 0.1 1.6
3: triethylamine (%) 0.1 0.4

heath liquid optimization Levels

esign factors +1 −1

4: methanol/H2O (v/v) 98/2 20/80
5: acetic acid (%) 2.00 0.5

pray chamber optimization Levels

esign factors +1 −1

6: drying gas flow rate (L/min) 6 3
7: drying gas temperature (◦C) 220 120
8: nebulizer pressure (psi) 5.0 2.0

t
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s enantioseparation of nadolol (N1, N2, N3, N4) and labetalol (L1, L2, L3, L4). The
each of the four field strengths studied. All other experimental conditions are the

imes provide fewer runs with equal quality as was the case here
41]. From the high and low values of Table 1, the experiments to
e run were randomly generated as outlined in Table 2. Once the
xperiments were completed, the experimental responses (i.e., res-
lution and overall run time) of each experiment was calculated and
nput into the software for the statistical analysis.

Fig. 6 represents the regression coefficient plots for the response
ariables with 95% confidence intervals. The size of the coefficient
epresents the variation in response (positive or negative) when

factor changes from 0 to +1 or 0 to −1 in coded units. If the
rror bars representing the 95% confidence interval are crossing
he zero of the response plots than the effect of the response on
he resolution is considered not significant. Looking at the bar plots
Fig. 6A andB) it can be seen that there is a difference in what affects
he enantiomeric and diastereomeric resolutions. For instances, the
nantiomeric resolution of N1–N2 and N3–N4 are affected most
y the %TEA and the two factor cross product representing the
ombined effect of the TEA and HOAc together (Fig. 6A). Inter-
stingly, the %TEA correlates negatively with the response of the
nantiomeric resolution but the combined effect of HOAc and TEA

orrelates positively. The diastereomeric resolution (i.e. N2–N3)
s affected by all of the main variables and the cross terms of
he variables. In addition, the combined HOAc and TEA showed
he largest positive effect. Moreover, as seen in Fig. 6B, the res-
lution responses of labetalol enantiomers vary both positively
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Fig. 5. Sequential optimization of acid/base ratio for the simultaneous enantioseparation of nadolol (N1, N2, N3, N4) and labetalol (L1, L2, L3, L4). The mobile phase contains
various ratios of acetic acid and triethylamine with methanol and acetonitrile held constant at 40/60% (v/v). All other conditions are the same as Fig. 4 except the electrical
field strength was held constant at 500 V/cm.

Table 2
The resolution and the total runtime data gathered for the D-optimal experimental design run order for multivariate optimization of mobile phase parameters

Run Expermental parameters Experimental responses

MeOH/CAN (%v/v) %HOAc %TEA Resolution Run time (min)

N1–N2 N2–N3 N3–N4 N4–L1 L1–L2 L2–L3 L3–L4

1 32.5 1.225 0.25 1.0 2.0 2.9 6.7 1.8 1.9 1.3 81
2 35 1.6 0.1 0.9 2.1 3.1 8.0 2.0 2.3 1.7 79
3 30 0.85 0.1 0.8 1.4 2.9 5.8 1.6 1.4 1.1 92
4 40 1.6 0.1 0.8 2.1 2.6 8.6 2.0 3.1 2.5 78
5 30 0.1 0.4 0.6 1.1 2.1 4.5 0.7 1.1 0.0 66
6 30 1.6 0.4 0.8 2.0 2.9 5.2 1.9 2.2 1.3 75
7 40 1.6 0.4 0.9 2.2 2.7 12 2.0 2.4 1.7 56
8 30 0.1 0.4 0.7 1.1 2.3 6.0 0.3 0.6 0.0 62
9 40 0.1 0.4 0.4 0.9 0.9 0.8 1.9 2.7 0.0 51

10 40 1.6 0.4 1.0 2.3 3.0 12 2.1 2.7 1.7 55
11 40 0.1 0.1 1.2 2.4 3.2 9.0 2.2 2.8 1.6 123
12 40 0.85 0.25 1.0 2.2 2.9 11 1.9 1.9 1.5 72
13 35 0.85 0.4 0.8 1.7 2.4 5.5 1.8 1.5 0.8 70
14 40 0.1 0.4 0.4 0.9 0.6 0.8 1.8 2.6 0.0 51
15 30 1.6 0.4 0.9 1.8 2.8 5.9 1.8 1.8 1.1 73
16 35 0.1 0.1 1.3 2.3 3.6 11 2.1 2.3 2.2 142
17 30 0.1 0.1 1.0 1.8 2.9 6.5 2.2 1.3 1.2 159
18 30 1.6 0.1 0.8 1.6 2.3 6.0 1.7 1.4 1.4 90
19 35 0.1 0.25 0.9 2.1 2.9 0.0 1.6 1.1 0.0 92
20 35 0.85 0.4 0.8 1.6 2.3 5.2 1.7 1.7 1.2 68
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Fig. 6. Regression coefficient plots of the response variables for resolution of the
enantiomers of nadolol and labetalol at the optimum mobile phase conditions deter-
mined by the Design Expert software. Error bars showing 95% confidence interval.
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nd negatively depending on the parameter. The diastereomeric
esolution (L2–L3) was affected most by the MeOH/ACN ratio. How-
ver, the enantiomeric resolution (L1–L2) was affected most by the
eOH/ACN ratio as well as the combined effect of HOAc and TEA. In

ddition, the resolution of L3–L4 was dominated by the %TEA and
HOAc.

The results from the D-optimal design are tabulated in Table 2.
he resolution varies the least (i.e., from 0.4 to 1.3, and 0.3 to 2.2) for
he first enantiomeric pairs of nadolol and labetalol, respectively.
n the other hand, the variation in resolution of the second enan-

iomeric pairs were much higher (�Rs = 3.0 and 2.5) for the same
wo �-blockers. It was also observed that lower enantiomeric reso-
ution of both nadolol and labetalol were achieved in experiments

here the base content is much higher than the acid (experiments
, 8, 9, and 14). On the other hand, higher resolutions are seen for
he nadolol and labetalol enantiomers where the acid content is
igher or equal to the base content. Furthermore, in the experi-
ents labeled as 11, 16 and 17, where the acid/base ratio are equal

he longest run times are seen. A comparison between replicate
xperiments (labeled as 5 and 8, 7 and 10, 9 and 14 in Table 2)
hows good repeatability of resolution and runtime.

Using the Design Expert software an optimum mobile phase
omposition was chosen by allowing the software to minimize
he overall run time while maximizing the resolution of the first
ritical enantiomeric pair of nadolol (N1 and N2). The resolutions

f the other nadolol and labetalol stereoisomers and enantiomers
ere not considered for optimization in the software since in

lmost all of these cases baseline resolution was achieved (Table 2).
rom the software, an optimum mobile phase composition was

or the resolution of the first two enantiomers of nadolol and the overall run time.
rmined from the Design Expert software. RSMs for resolution N1–N2 and overall
constant at 40/60% while varying the other two variables.
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Table 3
The S/N ratios from the D-optimal experimental design run order for the multivariate optimization of sheath liquid parameters

Run Experimental parameters Experimental responses

HOAc (%, v/v) MeOH/H2O (%, v/v) Signal-to-noise

N1 N2 N3 N4 L1 L2 L3 L4

1 1.25 98 69 59 50 49 15 13 11 10
2 0.875 78.5 129 109 112 108 41 39 31 30
3 0.5 20 149 112 101 102 57 51 43 41
4 1.625 78.5 44 36 34 35 15 15 10 12
5 2 20 184 197 142 142 74 66 53 54
6 0.5 20 150 110 100 101 56 50 42 40
7 0.5 98 94 89 76 82 24 21 14 19
8 2 20 183 195 142 142 72 67 53 52
9 2 59 64 57 55 51 25 23 18 18

10 0.5 98 90 89 77 83 24 21 16 17
29
77
59

1 6

d
p
t
e
t
c
p
h
w
i
4
i
1
a
i
t
t
t
b
c
o
p
t
c
m

3

3

e
s
l
H
t
o
m
a

d
a
m
a
i
A
r

F
c

11 0.5 59 32
12 1.25 20 96
13 2 59 65
4 1.25 39.5 90 8

escribed as 40/60/1.6/0.4 with a predicted resolution between
eaks N1 and N2 of 0.89 and an overall runtime of 59 min. From
he optimum mobile phase composition, the response surface mod-
ls (RSM) of Fig. 7A–C were generated by varying two factors over
he ranges tested in the experiments while holding the third factor
onstant at the value given by the predicted optimum. For exam-
le in Fig. 7A, the %HOAc and MeOH/ACN (%, v/v) are varied while
olding the %TEA constant at 0.4%, the value generated by the soft-
are as the optimum %TEA. As illustrated in Fig. 7A, there is an

ncrease in resolution as MeOH/ACN ratio varies from 30/70 to
0/60% and the %HOAc from 0.10 to 1.6%. A maximum resolution

s obtained for N1/N2, in the presence of 40/60% MeOH/ACN and
.6% HOAc. There is a decrease in runtime over this same range
s seen in the lower plot of Fig. 7A. In Fig. 7B where the %HOAc
s held constant at 1.6 and the %MeOH/ACN and %TEA are varied,
here is an increase in resolution and a decrease in overall run-
ime as the %TEA increases and the MeOH/ACN goes from 30/70
o 40/60%. Fig. 7C shows the compromise that has to be made
etween runtime and resolution. In the upper plot of Fig. 7C, it
an be seen that the optimum resolution would actually be at 0.1%

f both HOAc and TEA. Comparing this condition on the lower
lot of 7C shows that this would give a runtime of over 2 h. For
his reason, a compromise between runtime and resolution at a
omposition of 0.4% TEA and 1.6% HOAc is chosen as a better opti-
um

g
r
w
1
M

ig. 8. Response surface models of multivariate optimization of sheath liquid parameters
onditions of 20/80 MeOH/H2O 2.0% HOAc (marked by arrows) was determined from the
26 27 14 12 10 10
70 73 31 27 21 26
56 51 24 21 17 17

72 76 37 29 25 25

.3. Multivariate optimization of ESI-MS parameters

.3.1. Effect of the type and composition of sheath liquid
Using direct infusion of the analytes into the mass spectrom-

ter, it is possible to test the effect of different additives to the
heath liquid. Both NH4OAc and HOAc were evaluated as sheath
iquid additives in 90/10% MeOH/H2O. Replacing the NH4OAc with
OAc resulted in two- and three-fold higher mass abundance for

he nadolol and labetalol, respectively (data not shown). Because
f the increase in abundance, it was decided to carry out the opti-
ization of the sheath liquid and spray chamber parameters using

cetic acid.
Using the acetic acid as sheath liquid additive, a D-optimal

esign for two experimental factors – F4: Methanol/H2O (%, v/v)
nd F5: concentration of acetic acid (%, v/v), were studied to opti-
ize the sheath liquid. The values that were entered at high (+1)

nd low (−1) levels as restraint for the design space for the exper-
mental design for this part can be seen in rows 4 and 5 of Table 1.
fter performing 14 experiments in a random order with several
eplicates at +1 and −1 levels, the sheath liquid S/N ratio data was

athered as experimental responses (Table 3). The experimental
esponses seen in Table 3, show good reproducibility at the point
here replicate experiments (labeled as runs 3 and 6, 5 and 8, 7 and

0, 9 and 13 in Table 3) were conducted. It also seems that as the
eOH/H2O ratio reaches the middle of its range (59/41%, v/v) and

for the average S/N ratio for the (A) nadolol peaks and (B) labetalol peaks. Optimum
Design Expert software.
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ig. 9. Response surface plots of multivariate optimization of spray chamber param
emperature: 220 ◦C, and drying gas flow rate: 4.7 L/min were held constant in plot

he %HOAc is at its lowest value (0.5%), the S/N ratio is at its lowest
s seen in the experiment labeled number 11 in Table 3. Looking at
xperiments labeled 3, 5, 6 and 8 in Table 3, it seems that the high-
st S/N values occur when the percentage of MeOH is at its lowest
f 20%. Unlike mobile phase optimization, there were only two fac-
ors to be explored for the sheath liquid optimization. Hence, there
as no factor that was held constant.

The S/N response surfaces for both nadolol and labetalol show
urvature suggesting the prominence of quadratic terms and the
xistence of intermediate minimum. Seen in the figure the opti-
ums for the S/N lie at the extremes of the different compositions.

he presence of multiple points with significantly high S/N values
eems to point to a lack of robustness for this portion of the anal-
sis. This is most likely explained by the fact that the range over
hich the MeOH/H2O (%, v/v) ratio and %HOAc were analyzed was

o broad leading to the appearance of other S/N ratios close to the
ptimum. An exploration over a narrower range of the critical fac-
ors here would have possibly shown only one distinct optimum.
herefore, the 20/80 MeOH/H2O 2.0% HOAc has a slightly higher
/N ratio than the other three highest responses at 98/2 MeOH/H2O,

.5% HOAc, 20/80 MeOH/H2O, 0.5% HOAc and 98/2 MeOH/H2O, 2.0%
OAc for nadolol (Fig. 8A). On the other hand, the maximum S/N

atio for the labetalol peaks (Fig. 8B) corresponds to the highest
omposition of HOAc and the lowest composition of MeOH in the
eOH/H2O mixture.

d
s
g
t

for the average S/N ratio of nadolol peaks. The nebulizer pressure: 3 psi, drying gas
nd C, respectively.

.3.2. Effect of the drying gas flow rate, drying gas temperature
nd nebulizer pressure

To optimize the spray chamber parameters the D-optimal design
as applied and 20 experiments were performed as constrained
y the factors listed in rows 6–8 of Table 1. By allowing the soft-
are to maximize all of the S/N ratios for the eight different peaks,

he optimum spray chamber parameters of nebulizer pressure of
psi, drying gas temperature of 220 ◦C, and a drying gas flow

ate of 4.7 L/min was obtained. Again, there is good reproducibil-
ty of the experimental responses for the S/N ratios at replicate
oints (e.g. experiments 1 and 12, 4 and 7, 9 and 19 in Table 4)
resent in the design. The largest S/N ratio is seen in Table 4 in
xperiments 9 and 19 where the drying gas flow rate is low at
L/min, the drying gas temperature is at a middle value of 120 ◦C
nd the nebulizer pressure is high at 5 psi experiments for both
he nadolol and labetalol peaks. As with the RSM for the mobile
hase optimization, the RSM for the S/N optimization of the spray
hamber parameters are shown with one factor held constant at
he optimum while the other factors are varied over the tested
ange.
Fig. 9A shows the effects of varying drying gas temperature and
rying gas flow rate while holding the nebulizer pressure con-
tant at 3 psi. Here a maximum S/N is obtained when the drying
as temperature is at 220 ◦C (the highest tested temperature), and
he drying gas flow rate is at 4.7 L/min (the midrange value). In
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Table 4
The S/N ratios from the D-optimal experimental design run order for the multivariate optimization of spray chamber parameters

Run Experimental Parameters Experimental responses

Drying gas flow rate (L/min) Drying gas temperature (◦C) Nebulizer pressure (psi) Signal-to-noise

N1 N2 N3 N4 L1 L2 L3 L4

1 6 220 5 768 574 616 589 101 98 77 73
2 3 120 2 436 378 355 313 102 90 68 63
3 4.5 120 2 591 500 276 437 148 128 105 98
4 3 220 5 695 584 563 507 131 120 95 86
5 3.8 145 4 812 528 636 615 168 138 116 114
6 6 170 2 435 372 225 335 98 87 67 62
7 3 220 5 694 583 560 502 129 121 94 84
8 4.5 220 4 1270 1105 1062 988 271 245 199 185
9 3 120 5 1256 1131 1052 975 258 252 206 194
10 6 120 5 415 293 421 404 115 103 72 82
11 3 220 2 658 528 514 473 131 84 100 103
12 6 220 5 766 570 614 584 97 101 80 71
13 6 220 2 86 79 68 58 12 11 9 8
14 3 170 2 169 183 169 172 44 41 30 31
15 6 120 5 410 289 417 400 114 102 69 77
16 6 170 4 369 324 296 270 77 79 60 63
1
1
1
2

F
a
n
s

F
i
2

7 4.5 170 5
8 6 120 2
9 3 120 5
0 4.5 170 5
ig. 9B, the S/N response surface shows the existence of intermedi-
te optimum conditions for the drying gas flow rate (4.7 L/min) and
ebulizer pressure (3 psi) to obtain maximum S/N. Finally, Fig. 9C
hows that the S/N increases as drying gas temperature increases

a
s
f
p

ig. 10. Optimum chromatograms for simultaneous (A) and individual separations of nado
n each inset with confidence intervals. Mobile Phase for (A) and (C) 40/60/1.6/0.4 MeOH/A
0/80 MeOH/H2O, 2.0% HOAc; drying gas flow rate: 4.7 L/min, drying gas temperature: 22
90 87 80 86 26 22 16 16
81 40.8 60 67 19 17 14 14

1260 1128 1054 972 260 249 203 190
86 92 78 80 23 21 15 17
nd reaches a saddle point at the intermediate of the nebulizer pres-
ure. The arrows on each RSM plot indicate the maximum S/N ratio
or the nadolol peaks. The RSM for the average S/N of the labetalol
eaks have a similar shape as those for the nadolol (data not shown).

lol, (B) and labetalol (C). Comparisons between predicted and actual values are show
CN/HOAc/TEA, (B) 40/60/1.6/0.1 MeOH/ACN/HOAc/TEA. Sheath liquid composition:
0 ◦C and nebulizer pressure: 3 psi.
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.3.3. Optimized CEC–MS
By completing runs at the suggested optimum, we can compare

he actual values of run time and peak resolution to that predicted
y the Design Expert software. As seen in Fig. 10, conditions for both
imultaneous and independent separation of nadolol and labetalol
nantiomers were identified at the suggested optimum mobile
hase composition, sheath liquid composition and spray chamber
arameters. The first condition includes 40/60 MeOH/ACN, 1.6 and
.4% HOAc and TEA, respectively, which provided the actual res-
lution of 0.86 for peaks N1 and N2, which is very close to that
f the predicted value of 0.89. However, the experimental overall
untime of 53 min was slightly shorter than the predicted value
f 59 min. Nevertheless, all observed resolution and runtimes are
nside the confidence intervals, which suggest the adequacy of the
xperimental design.

It is also possible to find a compromise between resolution
nd analysis time of nadolol and labetalol enantiomers individ-
ally. Fig. 10B and C shows the optimum separations of nadolol
nd labetalol enantiomers for which the best results were obtained
ith 1.6 and 0.4% as well as 1.6 and 0.1% of HOAc and TEA,

espectively. Again, there is a good agreement between the actual
ata and the predicted data. In both cases, the experimental
untime is shorter than the predicted value, while baseline reso-
ution is achievable in all peaks except N1–N2. Upon comparison
f all three chromatograms in Fig. 10, simultaneous or individ-
al separation of multichiral center �-blockers within 1 h can be
chieved.

. Concluding remarks

By first using a sequential optimization, it is possible to obtain
narrow range for optimization of mobile phase parameters. A

equentially optimized simultaneous separation of nadolol and
abetalol could be obtained with a binary mobile phase of 40/60

eOH/ACN (%, v/v) containing 0.8% HOAc and 0.2% TEA; column
emperature of 50 ◦C, and an applied electric field strength of
00 V/cm. This sequential optimization allowed the critical param-
ters for the simultaneous separation of nadolol and labetalol
o be determined. Looking at the change in resolution between
nantiomers and diastereomers and the overall runtime, it was con-
luded that the mobile phase composition played the largest role in
he enantioseparation of nadolol and labetalol, more than the col-
mn temperature and the electric field strength. Hence, only the
obile phase composition was analyzed as part of the multivari-

te optimization of the simultaneous enantioseparation of the two
nalytes.

For the multivariate optimization of the mobile phase compo-
ition, the D-optimal design predicted an optimum mobile phase
f 40/60 MeOH/ACN (%, v/v) containing 1.6% HOAc and 0.4% TEA.
omparing the sequentially optimized mobile phase composition
o that of the multivariate one, it can be noted that the only dif-
erence is in the %HOAc and %TEA. For example, it was 0.8/0.2%
OAc/TEA for the sequentially optimized mobile phase. On the
ther hand, in the multivariate optimized mobile phase the per-
entages were 1.6/0.4% HOAc/TEA. This would seem to imply that
djustments in the amounts of HOAc and TEA were all that were
eeded for the further optimization of the separation system. This
orrelates well with our findings from the regression coefficient
lots (Fig. 6), which show that the %HOAc and %TEA either separate
r as a cross product had the most significant effects on almost all of

he stereoisomer separations except for two exceptions. In the first
xception, the effect of the MeOH/ACN ratio is equivalent to the
ffect of the cross product of %HOAc and %TEA for the enantiomeric
eparation of L1–L2. The second exception was the diastereomeric
eparation of L2–L3 where the MeOH/ACN ratio was the domi-
. B 875 (2008) 304–316 315

ant factor effecting the separation. It is speculated that the first
xception is due to the difference in analyte interactions with the
rganic portion of the mobile phase and the acid/base portion. The
econd exception is speculated due to differences between achiral
eparations of the L2–L3 diastereomers as compared to the chiral
eparations as seen in most other cases.

The direct infusion analysis showed that the replacement of
H4OAc with HOAc in the sheath liquid provided a two- and

hree-fold increase in signal abundance for nadolol and labetalol,
espectively. Moreover, it was interesting to note that when per-
orming on-line CEC–MS the highest S/N ratios were achieved when
he %MeOH in the sheath liquid was at its lowest, and then the
/N dropped to its lowest value when the %MeOH was in the mid-
le of the experimental range. The final optimized sheath liquid
omposition of 20/80 MeOH/H2O (%, v/v) with 2.0% HOAc provided
ignificantly higher S/N ratios for the nadolol and labetalol peaks.

The optimization of the spray chamber parameters as pre-
icted by the D-optimal design software for the maximization of all
adolol and labetalol peak S/N ratios showed that as we increase
he drying gas temperature we see an increase in the average S/N
atio. The sharp incline of the RSM surface with the increase in dry-
ng gas temperature (Fig. 9A and C), seems to suggest that the actual
ptimum drying gas temperature may lie outside the experimental
ange that we tested. The predicted optimum of 220 ◦C may only
e a local optimum value. On the other hand, the drying gas flow
ate of 4.7 L/min and nebulizer pressure of 3 psi seem to be at global
ptimums due to the hyperbolic shape that is achieved in the sur-
ace of Fig. 9B, at the approximate midpoint of both drying gas flow
ate and nebulizer pressure when the drying gas temperature is
eld constant at 220 ◦C.

Although multivariate can take more time, it is possible to use
ertain designs such as the D-optimal design, to reduce the num-
er of runs necessary to explore a design space. In this case, the
hoice of the D-optimal over the central composite design equaled
he saving of a week of experiment time, since the central compos-
te design would require seven more runs then the D-optimal. With
he D-optimal experimental design of mobile phase composition, it
as possible to obtain optimized simultaneous enantioseparation
f nadolol and labetalol with enantiomeric resolution in the range
f 1.0–3.0 within 1 h. Furthermore, The D-optimal experimental
esign of the MS conditions of sheath liquid and spray chamber
onditions provided good average S/N ratios greater than 1000. The
ultivariate optimization was able to reduce the overall run time

or the simultaneous separation of nadolol and labetalol by 15 min.
his is not a considerable savings with regard to a single run. How-
ver, when considered from the view point of multiple runs for high
hroughput analysis, the 15 min reduction can very quickly add up
o substantial savings in number of runs performed each day. Look-
ng at the individual separations of nadolol and labetalol, it can be
een that the resolutions can be improved somewhat when they
re injected separately within the parameter ranges that we have
ested.
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